Abstract. Treatment of recurrent malignant glioma, which has a poor patient prognosis, has not been standardised. Moreover, it is unclear whether repeated treatment with temozolomide is effective in patients who received previous temozolomide treatment before developing a recurrence. Here, we present the results of a high-dose individually adapted 21-day regimen demonstrating that rechallenge is effective even in patients expressing O 6 -methylguanine-DNA methyltransferase (MGMT) in the tumor. Twenty-one patients with recurrent malignant gliomas pre-treated with temozolomide, 18 WHO IV glioblastoma (GBM) and 3 WHO III patients, received 100 mg/m 2 temozolomide on days 1-21/28. The GBM patients had a median Karnofsky performance status of 60% and a median age of 54.8 years. Blood counts decreased continuously, enabling a gradual dose adaptation. When blood counts dropped below normal values, temozolomide was applied on days 1-5/7. Dosage was reduced to 50-75 mg/m 2 in 11 patients and gradually increased up to 130 mg/m 2 in 3 patients. WHO grade 3/4 toxicity was hematological in 3 patients and non-hematological in 3 patients. In GBM patients (n=18), response after >3 months was complete in 3 patients, partial in 1 (22%), stable disease in 7 (39%) and progressive disease in 7 (39%). Progression-free survival at 6 months (PFS-6M) was 39%. Median survival was 9.1 months from relapse and 17.9 months overall. Of the patients with unmethylated MGMT promoter, 2/7 were progression-free for >6 (15 and 19) months. The data indicate that rechallenge with near-continuous, higher-dose temozolomide (100 mg/m 2 on days 1-21/28 or days 1-5/7 with individual dose adaptation) is also feasible in patients with critical blood counts. Objective responses can be achieved even after relapse during a conventional 5/28-day regimen. The resistance of tumors characterized by unmethylated MGMT promoter may be overcome by near continuous temozolomide administration, which is probably most effective with a 5/7-day schedule. In spite of the relatively poor clinical prognosis, the data indicate that rechallenge with temozolomide with a dose-dense and long-lasting administration protocol is tolerable and comparable with other reported treatment protocols involving temozolomide.
Introduction
Despite considerable efforts in the last decades and remarkable progress in neurosurgery, radiotherapy and the development of new chemotherapeutic drugs, malignant gliomas are still among the most difficult human cancers to treat. Overall survival ranges from 12 to 17 months with combined modality treatment (1, 2) . Relapse is difficult to control, with a response rate of 9% with different salvage strategies, a median survival of 30 weeks after relapse and a 6-month progression-free survival (PFS-6M) of 15% (3) . With nitrosourea-based secondline chemotherapy, a PFS-6M of approximately 40% and median survival of up to 38 weeks can be achieved, while the rate of objective response remains at 9-15% (4). A conventional 5/28-day regimen of temozolomide can achieve response rates of approximately 5% and a PFS-6M of 21% (5) . Regardless, temozolomide has become a standard treatment in the primary therapy of glioblastomas (GBMs) (2) . However, it is unclear whether re-exposure to the same regimen can result in tumor control, especially if the recurrence occurs during primary chemotherapy. O 6 -methylguanine-DNA methyltransferase (MGMT), a suicide enzyme reverting the cytotoxic effect of nitrosureas or temozolomide, has proven to be a major predictor of response to chemotherapy in GBMs (6) . Importantly, MGMT is the first prognostic factor in gliomas that can be influenced by therapy and can, for example, be depleted by prolonged application of temozolomide (7) . Moreover, prolonged schedules allow for an increase in temozolomide of up to double the conventional dose per cycle. This suggests the possibility of re-exposing recurrent malignant gliomas to temozolomide in dose-dense schedules. Here, we analyzed our results regarding the efficacy of temozolomide treatment on days 1-21 of 28 at an increased dose of 100 mg/m 2 , as compared with the commonly used dose of 75 mg/m 2 , in recurrent malignant gliomas (8 (9) . Perfusion-and diffusion-weighted MRI was used to obtain additional information on tumor biology. Treatment was administered with the informed consent of the patients.
Patients with a total leukocyte count >4,000/μl, thrombocytes >100,000/μl and a Karnofsky performance status (KPS) of ≥50% were treated. Those that completed at least 1 course of treatment are reported.
To enable good comparability with the literature, treatment results are reported for GBM patients. Data on toxicity are reported for all patients.
Glioblastomas. The main characteristics of the GBM patients are reported in Table I . The histopathological records of all patients and histological slides of all but 1 patient were reviewed at our Department of Neuropathology, and the diagnosis of GBM confirmed. Local BCNU was administered to 2 patients at primary surgery.
All patients were pre-treated with temozolomide after initial diagnosis. After primary surgery, all but 1 patient received 75 mg/m 2 concomitant temozolomide daily with focal involved-field irradiation. All patients received at least one cycle of 150-200 mg/m 2 adjuvant temozolomide on days 1-5/28. Three GBM patients relapsed or progressed <6 months after diagnosis. Of these, the site of 1 relapse was distant from the primary tumor, outside the radiation field. The other 2 patients did not respond to therapy. These 3 patients were not considered to have had pseudo-progression.
All but one of the GBM patients relapsed during or within the two months following temozolomide chemotherapy. Of these, 11 were rechallenged <3 months after the last cycle of chemotherapy. Two others received 1 and 2 cycles of procarbazine and CCNU at first relapse. The other patients had ≥3 months delay until rechallenge with temozolomide.
Anaplastic gliomas. Two males, aged 47 and 58 years with recurrent anaplastic astrocytomas, were pre-treated with concomitant and adjuvant temozolomide. Both progressed with adjuvant temozolomide and received the dose-dense regimen without delay. A 61-year-old female with anaplastic oligodendroglioma was initially pre-treated with PCV and 6 cycles of 200 mg/m 2 temozolomide on days 1-5/28 at first relapse. After 17 months, she had a second recurrence and received dose-dense temozolomide.
Treatment. Our dose-dense schedule consisted of 100 mg/m 2 temozolomide on days 1-21/28, rounded to increments of 20 mg. Patients routinely received PcP-prophylaxis with Cotrimoxazol. The applied dose was increased by increments of 20 mg/day when the total leukocyte count remained at >6,000/μl over 2 cycles while thrombocytes remained at >100,000/μl. The dose was also reduced by intervals of 20 mg/day when total leukocytes fell to <3,000/μl or thrombocytes to <100,000/μl.
Follow-up and documentation.
Patients were examined biweekly at our outpatient department, and blood counts were taken weekly. Routine MRI was performed every 3 months (Somatom Trio, Siemens Medical Solutions, Erlangen, Germany: T2w/FLAIR, DWI, PWI, all transversal, 6-mm slice thickness; T2w coronal, 4-mm slice thickness; T1-3D, 1-mm slice thickness, isotropic, without/with gadolinium i.v.). Radiological response was assessed according to the MacDonald criteria (progressive disease, >25% increase; partial response, >50% reduction of lesions; complete remission, no detectable contrast-enhancing lesion). A deterioration of KPS of ≥20% for more than 4 weeks was considered progressive disease. Of the 18 GBM patients, 14 were treated at first and 4 at second relapse. Before rechallenge chemotherapy, 4 patients Table I . Patient characteristics. 
Results

In total, 21 eligible patients (18 GBM
a Glioblastoma only, n=18. KPS, Karnofsky performance status.
received a second debulking surgery, and 2 patients were operated on a third time. One patient received local BCNU at first recurrence. No patients were re-irradiated. A total of 154 cycles of dose-dense temozolomide was applied to all 21 patients (median 5 cycles, range 2-18). Treatment was discontinued permanently in 2 GBM and 1 anaplastic glioma patient because of long-lasting (≥3 months) objective remissions.
Toxicity. Generally, patients tolerated the dose-dense regimen better than the conventional 5/28-day schedule with respect to nausea and fatigue. No treatment-related deaths occurred. An overview of toxicity is provided in Table II. Hematological toxicity was mild, manageable and reached grade 3 in 3 patients. One patient, however, developed asymptomatic grade 4 thrombopenia and grade 3 leukopenia during the second course of treatment, requiring transfusions of thrombocytes. After 8 weeks, chemotherapy was restarted at 50 mg/m 2 on days 1-5/7 without incident, and the patient was progression-free for 15 months.
One patient developed grade 4 pneumonia several weeks after the termination of chemotherapy for progression. Pneumocystis carinii pneumonia was not isolated.
No immediate severe gastrointestinal toxicity was noted. One severe (grade 3) case of constipation was reported, which required discontinuation of therapy for several weeks. This adverse event is considered to be at least in part related to antiemetic co-medication with 5-HT antagonists. One other patient developed a severe (grade 4) increase in liver enzymes. However, the initial elevation of enzymes was documented to have occurred before chemotherapy, when pantoprazole or steroids were the only medications being administered.
Response and survival. Objective responses to therapy were observed not earlier than 3-6 months after treatment. We Table II . Toxicity. 
a Toxicity in all patients, n=21, 154 cycles. 
9+ months -------------------------------------------------
a Glioblastoma only, n=18. CR, complete remission; PR, partial response; SD, stable disease; PD, progressive disease. PSF 6-M, 6-month progression-free survival. therefore reported response data as 'best response' after at least 3 months (Table III) .
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Glioblastoma.
Of the 18 patients, 3 had a complete and 1 a partial response. Seven patients had stable disease for at least 3 months, while 7 progressed radiologically or clinically within 3 months. Seven patients (39%) were progression-free after 6 months, 4 after 12 months (22%) and 1 after 24 months (6%). Median overall survival was 17.9 months and median survival from relapse, 9.1 months. The methylation status of the MGMT promoter was determined in 13 patients; 2/7 patients with unmethylated and 3/6 patients with methylated MGMT promoter were progression-free after 6 months. Remission lasted 15 and 19 months in the two patients with unmethylated MGMT promoter.
Anaplastic glioma. All patients with anaplastic gliomas were progression-free after 6 months. One patient with anaplastic astrocytoma is in complete remission after 29 months, and the other is in stable condition 14 months after relapse.
Discussion
While temozolomide-based chemotherapy has been established as a primary therapy of GBMs, no standard regimen exists for the treatment of tumor recurrence. Here, we provide evidence that 100 mg/m 2 temozolomide on days 1-21 of 28 is active in recurrent malignant gliomas even after pre-treatment with temozolomide in patients with unfavorable prognostic indicators.
MGMT was recently identified as a major predictor of response to chemotherapy that can be influenced by therapy. This has focused attention on alternative therapeutic regimens with prolonged application of increased doses of temozolomide per 28-day cycle to overcome resistance to the conventional regimen. For this approach, either the application of 150 mg/m 2 on days 1-7/14 (2100 mg/m 2 per cycle) (10) or 75 mg/m 2 on days 1-21/28 (1575 mg/m 2 per cycle) (8) has been used. Data from peripheral blood mononuclear cells during therapy indicate that sustained depletion of MGMT for at least 3 weeks can be achieved when temozolomide is administered over 21 days, while it regains normal values every second week with administration on days 1-7/14 (7). We therefore decided to use the 21/28-day regimen, but increased the daily dose for two reasons: i) previous results indicated that the 7/14 regimen, which added up to a dose of 2100 mg/m 2 per cycle, was associated with an acceptable toxicity, while the 21 day schedule with 75 mg/m 2 only added up to 1575 mg/m 2 per cycle; ii) in vitro studies indicate that temozolomide can induce apoptosis in GBM cells in a dose-dependent manner requiring the equivalent of at least 100 mg/m 2 (11). This dosage has been shown to be tolerable in patients with renal cell carcinoma (12) , and has shown promising results in patients with recurrent anaplastic gliomas (13) .
Toxicity. The data in our series demonstrate that the chosen regimen is feasible and its toxicity manageable. The lower rate of nausea and fatigue can be explained by the lower daily dose of temozolomide. In fact, one patient restarted work under this regimen. In general, blood counts decreased continuously, allowing for a gradual dose adaptation that we found appropriate to perform by increments of 20 mg of absolute dose. In this manner, dosage was increased in selected patients. An uncontrolled drop in blood counts was experienced in only 1 of the 21 patients. This hematotoxicity was managed without hospital admission, and the patient was progression-free for 15 months after first relapse. In this case and in other patients with critical blood counts, the application mode was switched to a 5/7-day regimen. This resulted in even more homogeneous leukocyte and thrombocyte counts than under the 21/28-day regimen. We therefore do not consider hematotoxicity to be a major obstacle to this schedule.
Major concerns have recently emerged regarding an increase in infections under the 21/28-day regimen, secondary to selective lymphopenia. Tosoni et al reported a considerable rate of pneumonia during a 21/28-day regimen for relapsed malignant glioma (14) . However, a similar rate of infection was not observed by Neyns et al (13) , who treated patients using the same regimen. In our series, 1 patient developed severe pneumonia 3 weeks after permanent discontinuation of chemotherapy for progression, without isolation of Pneumocystis carinii. PcP-prophylaxis, the administration of the lowest possible dose of steroids, and close clinical guidance may have been responsible for the low rate of infections observed.
Unexpectedly, we experienced two major gastrointestinal events. One case of severe constipation requiring temporary interruption of chemotherapy was probably primarily due to almost continuous antiemetic therapy with 5-HT 3 antagonists. We switched to Alizapride in most of the patients, and observed lower rates of constipation. Only approximately 25% of all patients still needed 5-HT 3 antagonists, and these were closely observed for gastrointestinal side effects. One other patient developed a grade 4 elevation of liver enzymes, which had however started prior to chemotherapy, during treatment with steroids and pantoprazol. We therefore do not consider temozolomide to be the cause of this toxicity.
Efficacy. In the literature, response to treatment with chemotherapy alone ranges from 3.5 to 21% with a nitrosourea-based regimen (4, 15) , and from 5.4% with conventionally-dosed temozolomide (16) to 9.5% with dose-dense temozolomide (10) . PFS-6M was 32-38% and median survival from relapse was approximately 35 weeks. In experimental studies with targeted therapies, PFS-6M ranged from 30 to 40% and median survival from relapse between 20 and 40 weeks (16) (17) (18) . In these series, the median KPS was ≥80%. Patients with KPS of 50% were almost always not included. Although the clinical prognostic indicators in our series were less favorable, the objective response rate of 22% is encouraging. Pseudo-progression, due to changes in contrast-enhancing volume early after radiotherapy, was obviously not a reason for this positive result, since 2 of 3 patients with recurrences within 6 months had subsequent progressive disease, while the site of the third relapse was distant from the primary tumor location. The PFS-6M of 39% and median survival after relapse of 39 weeks in our GBM patients compare well with the most successful studies on recurring GBMs. Notably, long-term responses of 15 and 19 months were even achieved in patients with unmethylated MGMT promoter, pointing towards the efficacy of this MGMT-depleting strategy. The long-term response of all patients with grade III tumors indicates that the regimen is also effective in patients with anaplastic gliomas, an observation that supports recentlypublished promising results (13) . Also of note is that objective responses and a favorable long-term outcome were observed even though, in a considerable number of patients, the regimen was switched, directly or within less than 3 months, from the conventional 5/28-day to the dose-dense 21/28-day regimen. Pausing temozolomide administration before rechallenge therefore appears unnecessary, and may result in valuable time being lost. Response to treatment was not achieved before a delay of at least 3 months, during which time salvage therapy did not succeed in preventing neurological deterioration.
In conclusion, we demonstrated that rechallenge with temozolomide is effective in recurrent malignant gliomas when administered under a dose-dense regimen. Toxicity is acceptable and manageable, although gastrointestinal toxicity and grade 4 hematotoxicity indicate the need for close patient observation during therapy. In our view, an initial daily dose of 100 mg/ m 2 in a prolonged schedule with subsequent individual dose adaptation is the best compromise between toxicity and efficacy. Switching to a 1-5/5-day regimen allowed for even better dose adaptation in 6 patients with critical blood counts; in some of these a dose of 100 mg/m 2 was maintained. Previous studies indicate that MGMT requires approximately 1 week to regain normal levels and will not recover within a 2-day break of temozolomide administration. MGMT is thus expected to be permanently depleted under the 5/7 regimen, and the efficacy of treatment may be optimized. Therefore, we now initially treat patients with recurrent gliomas with a 5/7-day 'Temozolomide-glioma-working day-dose-dense' schedule (TEGWONDO). Toxicity and efficacy will be evaluated prospectively.
